Small-molecule thiols, such as cysteine (CYS) and glutathione (GSH), are essential for maintaining the cellular redox environment and play important roles in regulating various cellular physiological functions. A fluorescence probe (compound 1-Cu 2+ ) for thiols based on coumarin carbohydrazide dinuclear copper complex was developed. Compound 1 was synthesized from the reaction of 7-(diethylamino)-2-oxo-2H-chromene-3-carbohydrazide with 4-tert-butyl-2,6-diformylphenol. Accordingly, the copper complex (compound 1-Cu 
Introduction
Biological thiols such as cysteine (Cys), homocysteine (Hcy), and glutathione (GSH) play essential roles in human physiology, and abnormal levels of these thiols are associated with a number of diseases [1] [2] [3] [4] [5] . For example, GSH, the most abundant intracellular nonprotein, serves many cellular functions, including maintenance of intracellular redox activities, xenobiotic metabolism, intracellular signal transduction, and gene regulation [6, 7] . Particularly, GSH can keep the cysteine thiol group in proteins in the reduced state and protect the cells from oxidative stress by trapping free radicals that damage DNA and RNA [8] . The intracellular GSH concentration (1~10 mM) is substantially higher than extracellular levels (2 μM in plasma) [9, 10] , and the deficiency of which is involved in many diseases such as liver damage, leukocyte loss, cancer, AIDS and neurodegenerative diseases [11] [12] [13] . Therefore, the rapid, convenient, selective and sensitive detection of trace amounts of these thiols in biological and environmental samples consistently attracts a great deal of attention [14] [15] [16] .
Among various analytical methods, fluorescence detection has proven to be one of the most convenient methods due to its simplicity, low cost, high sensitivity and great potential for intracellular bioimaging [3, [11] [12] [13] . Currently, a number of organic reactions have been utilized to design fluorescence thiols probes [17] [18] [19] , such as cyclization reactions between aldehydes and aminothiols [20] [21] [22] , Michael addition reactions [23] [24] [25] , cleavage reactions of 2,4-dinitrobenzenesulfonyl with thiols [26] [27] [28] , nucleophilic substitution reactions [29] [30] [31] , disulfide exchange reactions [32] [33] [34] , and demetallation from Cu 2+ -complex [35] . The most molecular probes based on chemodosimetric reactions often suffer from the relatively longer incubation time ranging from 20 minutes to 1 hour or more. An alternate approach is to utilize the higher affinity of Cu(II) towards S-donor nucleophiles for designing molecular probes with fluorescence on response. Such reactions mostly occur within a millisecond time scale and thus are expected to be used in clinical detection [36] . This approach may improve the sensitivity due to thiols specific affinity of copper ions and also broaden the methodologies for designing various fluorescence probes [37] [38] [39] .
Coumarins are one of the most widely used fluorophore for developing fluorescence probes. They are attractive starting materials for fluorogenic probes due to their high fluorescence intensity, excellent solubility, efficient cell permeation, and ease of preparation [40] [41] [42] . Herein, we report a new fluorescence probe compound 1-Cu 2+ , which could be used for rapid, highly selective and sensitive detection of thiols. As a precursor, compound 1 was synthesized from the reaction of 7-(diethylamino)-2-oxo-2H-chromene-3-carbohydrazide (compound 3) with 4-tert-butyl-2,6-diformylphenol (compound 2). After coordinating with copper ions, the thiols fluorescence probe compound 1-Cu 2+ , i.e., the coumarin carbohydrazide dinuclear copper complex, was prepared. Compound 1 had strong fluorescence while compound 1-Cu 2+ hardly possessed fluorescence. However, the fluorescence of compound 1-Cu 2+ was recovered after the addition of thiol-containing amino acids while non-sulfhydryl amino acids scarcely had impact on fluorescence probe. Thus, compound 1-Cu 2+ could be used to detect thiols such as glutathione, and has potential application in imaging of them in cells.
Materials and Methods

1
H NMR and 13 C NMR spectra were measured on a Bruker Ascend™ 400 spectrometer with chemical shifts reported as ppm with TMS as internal standard. Mass spectrometric data were obtained with a Bruker Microtof-QIII spectrometry. UV-vis absorption spectra were recorded with Shimadzu UV2550 spectrophotometer. Fluorescence spectra were measured with Shimadzu RF-5301PC luminescence spectrometer. Excitation wavelengths for compound 1 and compound 1-Cu 2+ were both 445 nm. Both excitation and emission slit widths were 5 nm.
All the chemicals were of analytical grade and used as received. and different stock solutions of metal ions or amino acids were added into the quartz cell gradually by using a micro-syringe. The synthesis procedures are shown in Fig 1. Ethyl 7-(diethylamino)-2-oxo-2H-chromene-3-carboxylate (compound 4) and compound 3 were synthesized according to the literature [43, 44] . 4-tert-butyl-2,6-diformylphenol was synthesized by the Duff reaction [45] . Compound 1 was synthesized conveniently from the reaction of compound 3 with compound 2 and characterized by 1 H NMR, 13 C NMR, and ESI-MS (S1A, S1B and S1C Fig) . 
Results and Discussions
As shown in Fig 2, The UV-vis absorption spectra of compound 1 (10 μmol/L) in CH 3 CN:H 2 O (3:2, v/v) PBS solution exhibited a broad coumarin-based π-π Ã transition band around 445 nm (lgε = 5.18) [46] . To assess the chelating ability of compound 1, the solution was titrated with copper ions. As shown in Fig 2, the band around 445 nm was decreased with increasing Cu ), etc [49] . After coordinated with copper ions, the characteristic amide carbonyl absorption of the coumarin moiety was shifted to 1701.22 cm -1 and the stretching band of the -C = N-group was shifted to 1589.34 cm -1
. Nevertheless, the carbonyl group of -CO-NH-unit only shifted slightly (S3C Fig). It is assumed that both the carbonyl group of the coumarin unit and the -C = N-group participated in the coordination (Fig 1) .
Fluorescence titration of compound 1 in CH 3 CN:H 2 O (3:2, v/v) PBS solution upon the addition of Cu 2+ was also performed (Fig 3) . When excited at 445 nm, compound 1 exhibited a strong fluorescence band at about 483 nm corresponding to the typical emission of the coumarin compound [46] . Upon the addition of increasing Cu 2+ ions, the thiols probe (compound 1-Cu 2+ ) was prepared in situ, followed by the fluorescence intensity quenched significantly until the addition of about 2 equivalents of copper ions and then leveled off. The low luminescence intensity of compound 1-Cu 2+ is likely to result from the quenching effect by Cu with the other amino acids that could probably affect the fluorescence were examined. As shown in Fig 5, the fluorescence intensity of the probe itself was very weak. When 2 equivalents thiol-containing amino acids such as L-cysteine, N-acetyl-cysteine, L-homocysteine acid and GSH were added respectively, the fluorescence intensity enhanced drastically. By comparison, when 4 equivalents various non-sulfhydryl amino acids such as L-tryptophan, L-glycine, Llysine, L-histidine, L-glutamine, proline, methionine, leucine and isoleucine were added respectively, no obvious changes in the fluorescence spectra were observed. However, subsequent adding 2 equivalents GSH to the above non-sulfhydryl amino acids solutions gave rise to obvious increments of the fluorescence intensities, revealing that thiols had specific effects on the luminescence spectra. It should be noted that the fluorescence intensity was higher when 2 equivalents of GSH were added to compound 1-Cu 2+ solutions which have been added with 4 equivalents certain amino acids such as Ala, Arg, or His, in comparison to the direct addition of 2 equivalents of GSH to compound 1-Cu 2+ solutions, indicating that antiinterference in this system was slightly weak. In general, small organic fluorescence probes might be affected by the environment. In these experiments, the existence of certain amino acids might slightly affect the physical and chemical properties such as viscosity, polarity and pH value of the system, leading to fluorescence fluctuations in different amino acids. The 4 , and successive addition of GSH were also performed, respectively. Compared with Cu(ClO 4 ) 2 , the addition of the other copper compounds gave rise to similar responses in fluorescence titration spectra (S9A, S9B, S9C, S9D, S9E, S9F, S9G and S9H Fig) .
The ability of biosensing molecules to selectively monitor guest species in living cells is of great importance for biological application [51] . The fluorescence imaging experiments of compound 1 and compound 1-Cu 2+ for GSH were carried out with cervical cancer SiHa cells.
Firstly, the SiHa cells at exponential phase in 12-well plates were incubated with compounds 1 (2 μM) for 60 minutes at 37°C, then followed by PBS washing twice. The images were recorded by a Nikon Eclipse TE2000-S inverted fluorescence microscopy with a 20× objective lens (excited with blue light). The SiHa cells showed a clear green intracellular fluorescence ( Fig  6A) . To simulate the features of investigated compounds in vitro, to the wells three equivalents Cu 2+ were added, and the fluorescence of the SiHa cells were dramatically quenched (Fig 6B) .
However, the cells regained fluorescence upon addition of six equivalents GSH after washing away Cu 2+ (Fig 6C) . The results prompted us to investigate the potential application of the compound 1-Cu 2+ in thiol detection in living cells. To test the hypothesis, the compound 1-Cu 2+ was used directly to stain the SiHa cells. In our preliminary experiment, compound 1-Cu 2+ could penetrate cellular lipid membranes. To confirm this viewpoint, other copper compounds such as Cu(NO 3 ) 2 , Cu(OAc) 2 , CuCl 2 and CuSO 4 complexes were also prepared and applied in cell imaging (S10 Fig) . Compared with Cu(ClO 4 ) 2 complexes, the other copper compounds gave rise to similar results in cell imaging, which indicated that copper complexes were able to penetrate cellular lipid membranes, instead of relying on the anions. Thus, compound 1-Cu 2+ could be directly used to stain the SiHa cells. One well was pretreated by erlotinib (an anticancer drug) for 1 hour and another well was not. The treatment of erlotinib was to create a redox stress environment, decreasing the intracellular GSH content, which has been revealed in many studies [52, 53] . The images of the SiHa cells were shown in Fig 6E and 6F ( Fig 6D as control) . As expected, the difference in fluorescence intensity between the drug treated and without was observed, prompting that there was a difference in abundance of cellular thiol (amino acids). Therefore, the fluorescence imaging of compound 1-Cu 2+ may have potential application in imaging GSH (thiol containing amino acids) in living cells, yet more studies were required in future.
Conclusions
In conclusion, a coumarin carbohydrazide dinuclear Schiff base compound (compound 1) was synthesized from the reaction of 7-(diethylamino)-2-oxo-2H-chromene-3-carbohydrazide with 4-tert-butyl-2,6-diformylphenol. After compound 1 coordinated with copper ions, the thiols fluorescence probe (compound 1-Cu 2+ ) was prepared. The fluorescence spectra indicated that the probe had good selectivity and sensitivity for thiols such as GSH in CH 3 CN:H 2 O (3:2, v/v) solution. Particularly, the probe has potential application in imaging GSH in living cells.
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